A new testing approach for characterization of the response of partially saturated sand layers to cyclic loading is described in this paper. The approach involves basal shaking of a soil specimen within a laminar container using a hydraulic servo-controlled shake table in a geotechnical centrifuge. Infiltration of water was used to control the profiles of matric suction and degree of saturation, and thus the effective stress state, in the partially saturated sand layer during centrifugation. At steady state infiltration, relatively uniform profiles of degree of saturation and matric suction developed with depth in the sand layer. By varying the infiltration rate, different initial unsaturated conditions were obtained for cyclic testing. Instrumentation was incorporated into the setup to measure the accelerations induced in the shake table and soil profile, surface settlements, volumetric water content profiles, and pore water pressure. Cyclic tests were performed on sand layers having degrees of saturation ranging from 0.00 to 0.55 to assess the impact of effective stress on the layer's deformation response. A nonlinear trend was observed in the variation of surface settlement with degree of saturation, with a minimum value obtained for sand having a degree of saturation of 0.28. This trend is consistent with the relationship between small strain shear modulus and degree of saturation for this sand.
Introduction
Because the deformation of soil layers during earthquake loading is a major cause of damage to buildings and geotechnical structures, several design approaches were developed over the past 40 years to quantify the deformation response of soil layers to earthquake and cyclic loading (Seed and Silver 1972; Lee and Albaisa 1974; Finn and Byrne 1976; Tokimatsu and Seed 1987; Pradel 1998) . These design approaches focus on prediction of the free-field settlement of soil layers, as this is an important indicator to characterize potential impacts on geotechnical systems. An important issue is that these design approaches were developed for soil layers in either dry or water-saturated conditions.
Design approaches for seismic compression of partially saturated soil layers deserve further development because these soil layers may have different deformation mechanisms during earthquake loading than water-saturated or dry soil layers. Specifically, pore air can have a significant impact on the deformation response of a soil layer due to its higher compressibility than water. On the other hand, the presence of air-water menisci will increase the interparticle contact forces and potentially resist compression during shaking. Stewart and Whang (2003) and Duku et al. (2008) evaluated the seismic compression of soils, defined as the contractive volumetric strain in a partially saturated soil element during a cyclic or earthquake loading event. Although results from a comprehensive evaluation of the variables affecting the magnitude of seismic compression by Duku et al. (2008) indicated that degree of saturation does not play an important role, the suction-control technique in their element-scale cyclic simple shear tests may have contributed to this observation. Specifically, soil specimens with different degrees of saturation were prepared by tamping and kneading to a target relative density, and the specimens were tested in constant water content conditions. Possible changes in degree of saturation, matric suction, and stress state during the test may have contributed to the lack of a well-defined trend. In addition, the lack of a trend with degree of saturation contradicts the results from several studies who reported the impacts of degree of saturation and matric suction on the small strain shear modulus of unsaturated soils (Cabarkapa et al. 1999; Mancuso et al. 2002; Kim et al. 2003; Inci et al. 2003; Mendoza et al. 2005; Vassallo et al. 2007; Sawangsuriya et al. 2009; Ng et al. 2009; Khosravi et al. 2010) . The trends in small strain shear modulus with these variables will also lead to changes in the modulus reduction curve, indicating that the degree of saturation and matric suction should play a role in the magnitude of seismic compression during earthquake shaking.
The design approaches mentioned above use semi-empirical techniques to account for the complex coupling between stress state, deformation, and pore water pressure generation during earthquake loading. Accordingly, an experimental study on partially saturated soils must be used in tandem with these design models to quantify input relationships for the different variables during earthquake loading. Ideally, such an experimental validation should involve a collection of data from instrumented field sites with known soil profiles and well-characterized engineering properties during an earthquake event. As this may be difficult and expensive, the geotechnical centrifuge is a useful tool to characterize the response of scale-model soil profiles under stress states representative of field conditions. The objective of this paper is to describe the development of a new experimental approach to characterize the deformation response of free-field, partially saturated sand layers during cyclic loading. Specifically, this paper includes a description of a steady state infiltration technique used to evaluate the deformation re-sponse of a partially saturated soil layer in a geotechnical centrifuge having a uniform degree of saturation during cyclic loading. The theoretical justification for the infiltration approach to suction control and validation with experimental flow data are also presented. As water was used as the pore fluid in this study, a discussion on the impact of scaling conflicts is also discussed. Results from a series of cyclic loading events are presented to show the capabilities of the new testing approach and how they can be incorporated into an empirical design model for seismic compression of partially saturated sands.
Background

Concept of Partially Saturated Soil Testing
Effective stress in partially saturated soils is an important variable which may affect their deformation response during cyclic loading. Lu et al. (2010) showed how the soil-water retention curve (SWRC) relating matric suction (defined as the difference in pore air pressure u a pore water pressure u w , = u a − u w ) and the degree of saturation could be used to develop a functional form for the effective stress. One such definition incorporating the SWRC equation of van Genuchten (1980) is as follows (Lu et al. 2010 )
where: = total stress, and ␣ and n = parameters for the van Genuchten (1980) SWRC model. This equation indicates that control of the effective stress in a physical modeling test requires control of the matric suction.
Although most soils near the ground surface have a complex suction profile due to environmental interaction, for design purposes it is conventional to evaluate the response of soil profiles with a simplified suction profile. One simplified suction profile involves a soil layer having a water table at some depth below the surface, with no infiltration. In this case, the matric suction will increase linearly with height above the water table. However, in the case of sands, the soil layer will be nearly dry within a short distance away from the water table due to the shape of the SWRC for sands. Accordingly, this simplified suction profile is not optimal for physical modeling of the impact of partially saturated conditions on the deformation response of soils during cyclic loading. Another case would be that of steady-state infiltration through a soil layer having a water table at some depth below the surface. In this case, infiltration will occur under unit gradient conditions except in close proximity to the water table, so the degree of saturation and matric suction will tend to be approximately uniform with depth McCartney and Zornberg 2010) . The magnitude of suction in the soil profile depends on the rate of infiltration. Because of its simplicity and its association with a real infiltration scenario in the field, a uniform suction profile is suitable for physical modeling of the impact of partially saturated conditions on the deformation of soils during cyclic loading. Further, this approach is particularly suitable for use in the centrifuge because the region of the soil layer having constant suction during infiltration will increase with the g-level (Dell'Avanzi et al. 2004) .
Dell'Avanzi et al. (2004) solved the governing equation for infiltration into unsaturated soils in a centrifuge, expressed as the profile of suction with height from the bottom of a soil model, z m , as follows:
where: r 0 = outside radius of the container in the centrifuge, ␣ G = slope of the Gardner (1958) hydraulic conductivity function (HCF) with units of kPa −1 , N r = g-level (varying with the value of z m in the model), z m = height of any specific point in the specimen from the base of the soil layer, w = density of water (or alternate pore fluid), 0,m = suction at the bottom of the soil layer, K s = hydraulic conductivity of saturated soil, and v m = discharge velocity in the model. In this investigation, a freely draining water table bottom boundary condition was employed (i.e., m = 0 kPa).
Dell 'Avanzi et al. (2004) used the analytical solution to Richards' equation in Eq 2 to evaluate scaling factors for unsaturated soils in the centrifuge. They found that the scaling factor for suction is equal to 1 for the case that the ratio of the centrifuge arm to the soil layer height is greater than 10. This ratio is equal to 33 for the centrifuge and soil layer evaluated in this study, so use of a suction scaling factor of 1 is justified. Further, because the centrifuge acceleration should not affect capillarity in the sand as this phenomenon is independent of gravity, it can also be assumed that the SWRC in the centrifuge also has a scaling factor of 1. Accordingly, the scaling factor for volumetric water content can be assumed to be equal to 1 as well.
Experimental Setup
Centrifuge, Shake Table, 
and Container
The 400 g-ton centrifuge facility at the University of Colorado at Boulder was used for the physical modeling experiments in this investigation (Ko 1988) . The radius from the center of rotation to the platform in its fully extended position is 5.48 m. The centrifuge is equipped with an in-flight shake table designed by Ketchum (1989) . The shake table consists of a linear actuator driven by a hydraulic servo valve connected to a National Instruments control system. The servo valve combination includes pilot and slave valves manufactured by Team Corporation. The shake table is mounted on linear bearings which permit shaking of containers having a mass up to 4283 kg (Ketchum 1989) .
Several studies have evaluated the end restraint effects of a specimen container on the movement of shear waves through the soil layer. Options to control the boundary effects of the container on the soil response are a duxseal liner (Weissman 1989 ), a stacked-ring assembly (Whitman et al. 1981; Lambe and Whitman 1982; Heidari and James 1982; Arulanandan et al. 1983) , and a laminar container (Hushmand et al. 1988 ). The laminar container was selected as the optimal solution to minimize boundary effects it simulates shear beam conditions in which shear waves propagate uniformly through the soil specimen and container (Whitman and Lambe 1986) .
A laminar container developed by Law (1991) , having internal dimensions of 58.42 cm in length, 24.13 cm in width, and 15.87 cm in depth, was used in this study. Side and end profile schematics of the container are shown in Fig. 1 (a) and 1(b), and pictures of the container are shown in Fig. 2 (a) and 2(b). Kovacs and Leo (1981) reported that the height to diameter ratio should be less than 1/4 for a perfect case in cylindrical stacked-ring while other investigators like Arulanandan et al. (1983) used a ratio between 1/2 and 1. The laminar container used in this study has a ratio in the loading direction of slightly greater than 1/4 (1/3.68). Consequently, based on these two empirical guidelines, the laminar container is expected to represent a one-dimensional (1D) shear beam (as supported by the accelerometer measurements) and increasing its depth is not expected to affect the response.
The container is composed of 13 rectangular aluminum rings, each 1.27 cm thick, separated from each other by a 0.5 mm gap. Linear bearings between the rings reduce friction during differential movement. The top ring is attached rigidly to vertical supports on the side and ends of the box. The supports on the sides are equipped with linear bearings to maintain alignment of the rings, while the supports on the ends are used to prevent displacements greater than 30 cm which may result in damage of the container and sensors. The laminar container was modified to permit control of steady state flow of pore fluid through the soil layer. In order to drain water from the bottom of the container, the bottom ring was replaced by an outflow control plate of the same thickness (1.27 cm) fixed rigidly to the base support of the box. The outflow control plate has a 6.35-mm-thick indentation in its top surface into which a drainage layer could be placed. The drainage layer used in this study is a gravel layer with a uniform particle size of 6.35 mm, overlain by a 10-mil nonwoven geotextile filter. Eight drainage lines are connected to the indentation in the outflow control plate to collect water from the bottom of the soil layer in such a way that they maintain a water table at the top of the filter.
Infiltration Setup
In order to apply infiltration to the top of the soil specimen, water was sprayed onto the soil surface using six Bete PJ20 spray nozzles. The nozzles were mounted on two horizontal steel brackets running across the length of the container at a height of 8.15 cm above the soil surface. The nozzles supply a 90°cone of fine mist, which is necessary to obtain uniform coverage of flow across the soil layer. The idealized spray distribution from the nozzles is shown in the plan view of the laminar container in Fig. 1(c) although convection of the mist from the nozzles likely results in a more uniform distribution.
The auxiliary components of the infiltration setup on the centrifuge platform are shown in the schematic in Fig. 3(a) and the picture in Fig. 3(b) . Specifically, a bladder tank was used to supply pressurized inflow water to the spray valves. A proportional control valve (Model EPV-250B from Hass Mfg. of Averill Park, NY) was used to control the water discharge rate from the tank, and a differential pressure transducer (DPT) (Model P305D from Validyne Engineering Corp. of Northridge, CA) was used to monitor the volume of water leaving the tank. Drainage from the eight ports in the outflow control plate of the laminar container is routed through steel pipes to an outflow tank. This outflow tank is also connected to a second overflow tank in the case of long-duration tests. DPTs were connected to each outflow tank to measure the volume of water accumulating in the tanks over time. A proportional control valve was incorporated into the drainage line from the laminar container at the connection to the outflow tank in order to prevent drainage from the bottom of the specimen during initial saturation of the sand layer, and to permit drainage of the sand layer during steady state infiltration in the centrifuge.
Instrumentation
Four EC-TM ® dielectric sensors from Decagon Devices of Pullman, WA were used to infer changes in volumetric water content with depth in the sand layer, as shown in Fig. 1(a) and 1(b) . Four sensors were placed horizontally, perpendicular to the shaking direction, at depths of 1. 27, 5.08, 8.89, and 12.7 cm from the surface of the sand profile. The connecting wires were passed out of the top of the box, and were taped to the sides of the container. Integrated Circuit Piezoelectric (ICP) accelerometers obtained from PCB Piezoelectronics, Inc. of Depew, NY were placed at the locations indicated in Fig. 1(a) and 1(b) . The accelerometers used to measure the induced accelerations at different depths in the soil layer and to check the uniformity of motion with horizontal distance in the soil layer during the shaking event. Druck PDCR 81 pore water pressure transducers (PPTs) were used to measure the static pore pressure and dissipation of excess pore pressures generated in the soil layer due to shaking. Although PDCR 81 PPTs are intended for use in fluid-saturated soils, they may be used to measure the equilibrium values of matric suction as long as the matric suction magnitude is less than 60 kPa and the default porous stone is initially well-saturated (Muraleetharan and Granger 1999) . The buried PPTs and accelerometers are all miniature instruments, and although they have masses less than 3 g which may induce differential settlement during shaking, they are the smallest available for testing. The dielectric sensors have a mass of 20 g, but are flat so their mass is distributed to a wider area of soil. Calibration tests showed that the buried instruments had negligible effects on the density and the total settlement of the sand layer.
Three linearly variable deformation transformers (LVDTs), mounted on the steel frame for the spray system on top of the laminar container as shown in Fig. 1(a) and 1(b) , were used to measure surface settlements of the soil layer. The LVDT cores were mounted on 25-mm square plastic footings to prevent punching of the core into the sand surface during spin-up or shaking. A machine deflection test indicates that the deflection of the steel frame is less than 0.001 mm during centrifugation at 40 g.
Material
F-75 Ottawa sand was selected for use in this study because it has relatively high saturated permeability (about 6 ϫ 10 −4 cm/ s at the target void ratio used in this test), while still having enough fines to retain water to suctions over 10 kPa. The sand was prepared in the laminar container using dry pluviation in order to reach an initial void ratio of 0.66. The geotechnical properties of this fine silica sand are summarized in Table 1 and the grain size distribution obtained from the sieve analysis tests is shown in Fig. 4(a) . The SWRC of F-75 Ottawa sand was measured using a hanging column test with controlled outflow described by McCartney et al. (2008) . The SWRC is shown in Fig. 4 (b) along with the van Genuchten (1980) SWRC model, which was fitted to the experimental data using least-squares regression. The hydraulic conductivity function (HCF) was estimated using the van Genuchten-Mualem model (van Genuchten 1980) . The slope of the predicted HCF was used to estimate Gardner's ␣ G parameter for F-75 Ottawa sand, which was found to be 2.5 kPa −1 . Although tests were also performed in this investigation using a more viscous pore fluid (Metolose), the tests presented this paper were performed with water. Water was used because of the ease of controlling the infiltration process and because it permitted straightforward use of the dielectric sensors for volumetric water content measurement. This is not ideal for evaluating the dissipation of pore water pressures generated from earthquake shaking due to the time scaling conflict in centrifuge modeling between diffusive fluid flow and dynamic loading. Arulanandan et al. (1983) and Dief and Figueroa (2003) indicate that the viscosity of the pore fluid primarily affects the dissipation of pore pressure after shaking. They observed that the magnitude of excess pore pressure was not affected by the viscosity of pore fluid, but that water pressure drops faster than that for a more viscous pore fluid. Accordingly, if a more viscous pore fluid had been used in this study, its major effect would be on the rate of the settlement due to dissipation of pore water pressure instead of the total settlement after shaking. An exception to this situation is the case where partial drainage occurs during shaking, which can lead to some settlement during the shaking event (Dashti et al. 2010 ). The magnitude of partial drainage depends on the hydraulic conductivity of the soil layer. The use of a more viscous pore fluid will decrease the hydraulic conductivity and slow down drainage during shaking and result in lower settlements during shaking related to pore water pressure dissipation. However, the pore water pressure measurements in this study indicate that only partial drainage during shaking occurred in soils which are saturated or close to saturation.
Procedures
A flexible plastic membrane was used to separate the sides of the sand layer from the container to prevent sand and water from penetrating into the gaps between the laminar container plates. To do so, all the laminar plates were disassembled, and the bottom of the membrane was glued to the inside of the bottom drainage plate. A flexible, waterproof glue suitable for both aluminum and plastic was used. After 48 h of curing time for the glue, the laminar plates were re-assembled. The bearings were cleaned and replaced after each test to obtain the best performance of the container. After preparing the sand layer and placing the instruments, the support frame for the spray nozzles and LVDTs was bolted to the container.
The sand layer was prepared using dry pluviation (Whitman and Lambe 1988) atop the geosynthetic filter to reach a relative density of 45 %. The final thickness of the sand layer was 15.87 cm. The instrumentation was placed in the soil at different depths during pluviation, as shown in Fig. 1(a) and 1(b) . After placement within the centrifuge [ Fig. 3(b) ], the sand layer was saturated by connecting a de-aired water reservoir outside of the centrifuge to the end of the drainage line while the outflow proportional control valve was partially open, resulting in upward flow through the soil specimen. The dielectric sensors were used to infer changes in volumetric water content during the saturation process. After saturation was complete (i.e., when water reached the sand surface and dielectric sensors measured a uniform volumetric water content equal to the porosity), the outflow proportional control valve was closed. The de-aired water reservoir was then disconnected and the drainage line was connected to the outflow reservoir. After saturation of the soil layer, the centrifuge was spun up to a target g-level of 40, defined at the mid-height of the soil layer. The outflow proportional control valve was then fully opened at the same time that the inflow proportional control valve was opened by a given amount to reach a desired target infiltration rate. In addition to a saturated soil layer with no infiltration or basal drainage, partially saturated sand layers with infiltration rates of 10 −9 to 10 −4 L / min were evaluated in this study in order to reach degrees of saturation of 0.16, 0.28, 0.40, and 0.50. Steady-state conditions were assessed by checking that the outflow was equal to the applied inflow, and by using the dielectric sensors to verify that the volumetric water content profile was approximately uniform with depth.
After reaching steady-state conditions with a uniform suction profile in the sand layer, the sand layer was subjected to 15 cycles of sinusoidal cyclic base shaking with a magnitude of 40g and a frequency of 40 Hz. In prototype scale this cyclic loading represents a horizontal acceleration of 1g at a frequency of 1Hz. The same loading was used for all of the tests on sand layers having different degrees of saturation. Cyclic loading was used instead of earthquake loading in this study to simplify comparison of the seismic compression of sand layers with different degrees of saturation.
Results
Suction Control Using Infiltration
An example of the variation in volumetric water content recorded by the dielectric sensors as a function of time during saturation, centrifugation, and infiltration at a rate of 1.26ϫ 10 −5 liters/ min is shown in Fig. 5(a) . A close-up of the sensor readings during the infiltration process is shown in Fig. 5(b) . The curves in Fig. 5(b) indicate that after the specimen had dried slightly during initial centrifugation, a relatively uniform profile of volumetric water content established in the soil layer at steady state.
An evaluation of the theoretical suction profiles for different g-levels in Fig. 6(a) indicates that the suction becomes more uniform with height in the sand layer as the g-level increases. Further, the transition zone from the portion of the soil layer undergoing infiltration under a unit gradient to the water table at the outflow boundary is also observed to decrease in length for higher g-levels. These results indicate that the g-level of 40 g was suitable for ensuring uniform conditions in the soil layer. The effect of different infiltration rates on the theoretical suction profiles during centrifugation at 40 is shown in Fig. 6(b) . Evaluation of the SWRC for Ottawa sand indicates that the specimen will have a degree of saturation for suction values greater 10 kPa, so this figure was used to identify the infiltration rates needed to reach suction values below 10 kPa.
The theoretical suction profiles for the Ottawa sand layer during steady-state infiltration in the centrifuge, predicted using Eq 2, were converted to the theoretical degree of saturation profile using the SWRC and then they were compared with the experimental degree of saturation profiles, as shown in Fig. 7(a) . These experimental profiles were defined by dividing the steady state volumetric water content by the porosity of the soil measured at the beginning of the test. The experimental results match well with the theoretical prediction, confirming the concept of using steady-state infiltration to control suction in the soil layer.
The effective stress distribution in soil layers is a key parameter in semi-empirical design approaches as a part of estimating the distribution in small strain shear modulus with depth (Seed and Idriss 1970) . To highlight the distribution in effective stress with depth, the theoretical suction profiles in Fig. 7 (a) were used to calculate the effective stress profiles using Eq 1, as shown in Fig. 7(b) . Although the suction is relatively constant with height during steady state infiltration, the effective stress calculated from Eq 1 increases linearly with depth. Specifically, the total stress in a soil layer increases with depth in proportion to the bulk unit weight. Although the suction leads to small shifts in the effective stress profile, the total stress has a greater impact on the effective stress profile.
Cyclic Loading Results
The displacement and acceleration time histories measured by a LVDT and an accelerometer mounted on the shake table are shown in Fig. 8 (a) and 8(b), respectively. A decreasing trend in the amplitude of the shake table displacement was found to be due to the flow capacity of the shake table hydraulic pump, but this trend was relatively minor. The induced acceleration time histories were measured in the partially saturated sand layer at the base, surface and at a depth of 7.35 cm (approximately at mid-height in the soil layer). The measured acceleration time histories can be used to evaluate the transfer of energy through the container and to evaluate the load intensity and peak surface acceleration (PSA). Further, multiple sensors at each depth were used to assess the uniformity of motion at each depth to confirm the assumption of 1D shaking.
Typical induced acceleration time histories due to the same base shaking event at the base and surface of a sand layer with the degree of saturation of 0.50 are shown in Fig. 9 (a) and 9(b). Comparison of the acceleration time histories in Figs. 8(b) and 9(a) indicates a difference in peak accelerations of the shake table and the sand layer. Although this difference may be due to potential slippage between the gravel drain and the base of the container, the base of the container was textured to minimize this effect. Further, post-test excavations did not indicate intrusion of the filter into the gravel layer which may be a source of energy dissipation. The difference in peak acceleration may also be attributed to differences in the excitation frequency and the resonant frequency of the soil layer. Comparison of the measurements in Figs. 9(a) and 9(b) indicate that the acceleration magnitude was amplified slightly from the base to the surface of the sand layer.
The excess pore water pressure generated at a depth of 12 cm during the same shaking event for two soil layers having degrees of saturation of 1.0 and 0.50 are shown in Fig. 10 (a) and 10(b), respectively. Application of the cyclic load was observed to induce a positive excess pore water pressure in the saturated soil layer, resulting in liquefaction at that depth. The excess pore water pressure was observed to dissipate rapidly in several seconds after shaking stopped. Although the pore water pressure transducer likely does not provide an accurate measurement of the dynamic changes in matric suction in partially saturated soil layers due to equilibration issues, the trends can be revealing of the mechanisms of seismic compression. The negative excess pore water pressure value in the partially saturated soil layer was observed to decrease after shaking, indicating compression of the voids and a local increase in the degree of saturation. The change in location of PPTs (and other sensors) during shaking in most tests was minor, except in the case of the saturated specimen, which liquefied. In the case of liquefied saturated sand, the excess pore pressure exceeds the initial effective stress [ Fig. 10(a) ] which could only have occurred if the PPT changed in position during liquefaction. Similar behavior was reported by Fiegel and Kutter (1994) .
The surface settlement time histories measured using the LVDTs for four soil layers having degrees of saturation ranging from 0.00 to 0.50 are shown in Fig. 11 . The absence of timedependent settlement after shaking in these time histories indicates that surface settlements occurred primarily due to collapse of airfilled voids during shaking. A slight time-dependent settlement after shaking was only observed in the case of nearly saturated soil layers. This time dependent behavior is attributed to dissipation of pore water pressures, which would have been easier to characterize if a viscous alternate pore fluid like Metalose were to have been used. The surface settlement data for the saturated specimen is not presented in Fig. 11 because the sand layer liquefied during shaking and resulted in difficulties in interpretation of the LVDT readings. In addition, the accelerations induced in the liquefied saturated sand layer were much different than those induced in the partially saturated layers, preventing straightforward comparison.
Analysis
During testing, the acceleration, pore water pressure generation, surface settlement, and volumetric water content were monitored. The pore water pressure and volumetric water content data are not suitable for making dynamic measurements, so they were used primarily to measure the infiltration process, ascertain steady-state conditions, and to infer the final volumetric water content and suction after shaking. The instrumentation for surface settlement and acceleration measurements were suitable for dynamic measurements. The measured acceleration values at different lateral locations throughout the box were used to check the uniformity of motion in the container. Specifically, the root mean square (RMS) value is used to represent the intensity of induced acceleration between pairs of accelerometers at the sand surface and at a depth of 7.30 cm. The RMS value was calculated as follows:
where: a = measured acceleration time history, t = time, and T = measurement time period. The a RMS values for each pair of accelerometers at the same depth are plotted against each other as shown in Fig. 12 . The intensity of the induced acceleration is quite uniform, indicating that the laminar container satisfies 1D shear beam behavior. The surface induced accelerations have higher intensities than the induced accelerations at the depth of 7.30 cm.
The trend in the total surface settlement with degree of saturation is shown in Fig. 13 . Although the settlements are shown in model scale, the total settlement of the prototype sand layer can be calculated by multiplying the measured compression values by the centrifuge scale factor (i.e., 40). The soil layer having a degree of saturation of about 0.3 experienced the lowest surface settlement, while wetter and drier specimens showed more surface settlement. This trend is consistent with the relationship between small strain shear modulus and degree of saturation for Ottawa sand reported by Khosravi et al. (2010) . This indicates that the interplay between the suction and total stress can have a nonlinear impact on the interparticle resistance to seismic compression.
Conclusions
This paper includes a description of the development of a new steady state infiltration technique to evaluate the seismic compression of partially saturated soils with a uniform degree of saturation. A laminar container was modified to permit infiltration of water through the soil layer so that cyclic or earthquake tests could be performed on soil layers with a uniform suction profile using an in-flight shake table in geotechnical centrifuge. The infiltration process imposed in this study was found to correspond well with theory. A nonlinear change in surface settlement was observed for sand layers evaluated under different degrees of saturation, with most of the settlement occurring due to compression of the soil voids rather than dissipation of excess pore water pressures. The soil layer with a degree of saturation 0.28 showed the lowest amount of surface settlement, likely due to the greater shear modulus for the sand at this degree of saturation. In tests on saturated sands, the pore water pressure was observed to increase as expected, while in partially saturated sands a decrease in suction was observed. This is consistent with the measured increase in volumetric water content, indicating that compression of the soil layer with depth led to an overall increase in the degree of saturation. The results indicate that seismic compression of partially saturated sand is an important concept to study in order to interpret the response of geotechnical systems to cyclic or earthquake loads. Centrifuge physical modeling with steady-state infiltration was shown to be a suitable tool to study the behavior of unsaturated soils in the context of earthquake geotechnical engineering problems.
